As CMOS technology scales, the effect of 1/f noise on low frequency analog circuits such as CMOS image sensors becomes more pronounced, and therefore must be more accurately estimated. Analysis of 1/f noise is typically performed in the frequency domain even though the process is nonstationary. To find out if the frequency domain analysis produces acceptable results, the paper introduces a time domain method based on a nonstationary extension of a recently developed, and generally agreed upon physical model for 1/f noise in MOS transistors. The time domain method is used to analyze the effect of 1/f noise due to pixel level transistors in a CMOS APS. The results show that the frequency domain results can be quite inaccurate especially in estimating the 1/f noise effect of the reset transistor. It is also shown that CDS does not in general reduce the effect of the 1/f noise.
INTRODUCTION
As CMOS technology scales, the effect of 1/f noise on low frequency analog circuits such as CMOS image sensors becomes more pronounced.' As a result it is becoming important to estimate the effect of 1/f noise more accurately. Analysis of 1/f noise is typically performed in the frequency domain. The 1/f noise, which is nonstationary, is approximated by a stationary band-limited process. A low cutoff frequency IL is defined based on the circuit on-time t07 and a high cutoff frequency fH is defined based on the circuit frequency response. The average output noise power is then calculated by finding the area under the output power spectral density curve. The low cutoff frequency is typically, and somewhat arbitrarily, set equal to i±: . In order to find out if the frequency domain method produces accurate results one needs an accurate nonstationary model for the 1/f noise and use time domain analysis.
The origin of 1/f noise in MOS transistors has been the subject of great study and controversy.2'3 Recent studies of small area sub-micron MOS transistors4'5 have, to a large extent, resolved the controversy and there is now a generally agreed upon physical model for 1/f noise.68 This model, however, implicitly assumes an infinite circuit on-time and thus stationarity, which is not compatible with the operation of real circuits.
In this paper we extend this 1/f noise model to handle finite circuit on-time. This makes it possible to estimate the effect of the 1/f noise more accurately using time domain analysis. 9 As an example, we use our model to analyze the effect of 1/f noise due to pixel level transistors in a CMOS APS.
The rest of the paper is organized as follows. In section 2 we describe the agreed upon noise model for a single active trap in the gate oxide of an MOS transistor and the resulting stationary 1/f noise model. We then describe our nonstationary extension of the model. In section 3 we review the pixel circuit and operation of a CMOS photodiode APS and analyze the 1/f noise due to the follower and access transistors using time domain analysis and our nonstationary 1/f noise model. We find that the results are approximately twice as large as the results obtained using frequency domain analysis. In section 4 we analyze the 1/f noise due to the reset transistor. Here we use the subthreshold time-varying circuit model in addition to our nonstationary noise model. We find that the frequency domain results are very inaccurate: over a factor of 11 lower than time domain analysis in some cases. We briefly discuss the effect of CDS on 1/f noise in the last section.
PHYSICS BASED 1/F NOISE MODEL
1/f noise (sometimes also called flicker noise, or low frequency noise), in the strictest sense, refers to the noise whose power spectral density (psd) is inversely proportional to frequency, i.e., SN x More generally, noise with SN 0( -j-, for 3 > 0, is also called 1/f noise (or 1/f like noise). In addition to electronic devices, 1/f noise also appears in many other devices and natural phenomena, such as oscillation of quartz crystals, geophysical records, economic data, traffic-flow rates, image texture, heart beat rates, .. . , just to name a few. As a result, the origin of 1/f noise has been the subject of numerous studies in many different fields. Unfortunately, since 1/f psd is not integrable, it is not a valid psd of stationary processes and there is no agreed upon universal mathematical or physical model to describe it. In the next subsection we describe the most widely accepted physical model for MOS transistors 1/f noise. In the following subsection we describe our nonstationary extension of this model which will be used to analyze the effect of 1/f noise in the APS circuit.
Stationary 1/f noise model
In this paper we are mainly concerned with 1/f noise in MOS transistors. Over the last three decades, two main theories of 1/f noise in MOS transistors were developed, namely the carrier number fluctuation theory, and the mobility fluctuation theory. 3 The carrier number fluctuation theory attributes 1/f noise to random capture and emission of conduction channel carriers by traps in the gate oxide, while the mobility fluctuation theory considers the 1/f noise as a result of the fluctuation in the carrier mobility. Both theories succeeded in partially explaining some of the experimental data. However, since it was very difficult to experimentally verify the noise generation mechanism, there was no conclusive evidence to support either theory.
This controversy has, to a large extent, been resolved by recent studies of small area sub-micron MOS transistors. In these transistors, very few, (sometimes only one) traps are active in the gate oxide. Capture and emission of a single channel carrier result in discrete modulation of the channel current, which can be modeled as a random telegraph signal (RTS) . Note that no more than one electron can occupy a trap at any point in time and thus the trapped electron number N(t) switches between two states, 1 and 0. It is well known that the autocovariance of N(t) is CA(Y) = e_2T' and the psd is 5%. (f) = , where A is the transition rate.
Superposition of multiple independent RTSs with some distribution on A, gives rise to the unified number and mobility theory of 1/f noise.8 In this widely accepted theory, the distribution of A obeys a log uniform law 4kTAt0N gp')= (1) A log where kT is the thermal energy, A is the channel area, t0 is the effective gate oxide thickness, N is the gate oxide trap density (ev'cm3), AH is the fastest transition rate, and AL is the slowest transition rate. The sum of the trapped electron numbers, thus, has the psd
where t0 is the gate oxide thickness, and is a constant .
From this trapped electron number psd, we can find the drain current 1/f noise psd by performing the MOS transistor charge-control analysis. As reported recently,7"1 for sub-micron nMOS transistors no mobility fluctuations are observed, and thus the drain current 1/f noise psd is given by where C0 is the gate oxide capacitance, gm 5 the transconductance, Sv9 (f) is the equivalent gate voltage 1/f noise psd, and (f) is the channel charge density 1/f noise psd. Note that SId (f) is inversely proportional to the gate area, which explains the reason why 1/f noise is becoming more pronounced as technology scales.
Circuit designers typically use the SPICE 1/f noise model where SVg (1) 2C0Af and are given the value of the parameter kF. From equation 3, we find that kF = This shows the correspondence of the physics based 1/f noise model to the SPICE model.
A more general unified number and mobility theory is needed to find the drain current 1/f noise psd for a pMOS transistor. Since we are only concerned with nMOS transistors here, we do not describe this theory. The following analysis, however, can be directly applied to pMOS transistors.
Nonstationary extension
The analysis of 1/f noise in circuits is typically performed by first approximating the noise by a stationary band-limited process and using frequency response analysis. This requires choosing both a high and a low cutoff frequency. The high cutoff frequency fH is determined by the frequency response of the circuit which is well defined. The low cutoff frequency fL on the other hand is somewhat arbitrarily set to , where ton 5 the circuit on-time. In this subsection, we briefly discuss our nonstationary extension to the 1/f noise theory presented in the previous subsection, which avoids the use of fL . More detailed description can be found elsewhere 12 In deriving this extended model, we found the autocovariance function of N(t) to be CA(t,r) = e_2AT(1 e4Xt). ( 
4)
If we let t -+ oo, C (t, r) converges to C, (r) = , which is the stationary autocovariance discussed in the previous subsection.
The autocovariance of the total trapped electron number of a large area MOS transistor, with many independent active traps in its gate oxide, is simply the summation of the RTS autocovariance of each trap. Note that here we perform the summation directly in time domain fAH C(t,T) = J C(t,r)g(A)dA. We now compare the 1/f noise power computed using the conventional frequency domain method to the more accurate time domain method described. For the comparison and for the remainder of the paper we assume that t0 = 7nm, 'y = 108cm1 , AH = 1O'°s' , and N = 1O'7eV'cm3. These are typical values for a O.35 CMOS process. From these numbers we get that AL = 4 x 1O_21, C0 = 5fFtm2, and = 5 x 1O4V2F at T = 300K.
In Figure 1 , we plot the RMS gate voltage due to the 1/f noise as a function of the circuit on-time ton using both the frequency domain and the time domain methods. Shown in the bottom half of the figure is the error using the frequency domain analysis as a percentage of to the more accurate time domain analysis curve. As expected the error percentage decreases as ton increases. In this example, we assume that the channel area A = 1pm2. 
1/F NOISE SOURCES IN APS PIXEL
The photodiode APS circuit we analyze in this paper is the standard three transistors per pixel circuit shown in Figure 2 . Each pixel comprises in addition to a photodiode, a reset transistor Ml, a source follower transistor M2, and an access transistor M3. The capacitor Cpd shown in the figure represents the equivalent photodiode capacitance. To complete the signal path we also show the column bias transistor and storage capacitor C0 . We only analyze the 1/f noise generated within the pixel. The 1/f noise effect due to column and chip level circuits can be treated using the same method presented in this paper. We assume that all pixel level transistors have the same length L = 0.7,am and width W = 1.4im, C0 = 3pF, and that Cd = 22fF during reset. These parameters are chosen to demonstrate results and are riot necessarily optimized for low noise operation.
We are interested in finding the output referred 1/f noise RMS value at Bitline in volts. To compute this value, we consider the 1/f noise generated during each phase of the APS operation, i.e., during reset, integration, and readout.
During integration, the 1/f noise is primarily generated by the photodiode. It is due to surface recombination of carriers, and the fluctuation in bulk carrier mobility.'3 For a reverse or none biased photodiode, the 1/f noise is not directly related to the total current. Instead, it is a function of the dark current, and is typically much smaller than the dark current shot noise, and can thus be ignored.
During readout, the 1/f noise is due to the source follower transistor M2, and the access transistor M3. Depicted in Figure 3 is the small signal model of the APS pixel circuit during readout, where 'M2 (t) and 'M3 (t) are the 1/f noise current sources associated with M2 and M3, respectively, Ym2 is the transconductance of M2, g is the channel conductance of M3, and C0 is the column storage capacitance.
Let CM2 = (1 + -)CO and CM3 = (1 + f)C0, we get the Bitline voltage due to the noise current sources e CM2 I VM2(t) = I IM2(s)ecM2 ds,
C'M2 Jo ft fE fAH (A)C( s2 -sll)e21+s2)dAdslds2, Now we can numerically evaluate equations 9 and 10 to find the Bitline RMS noise voltages due to M2 and M3, as functions of the pixel readout time tread. The results are plotted in Figure 4 , together with the RMS 1/f noise voltages calculated using the frequency domain method. Assuming the pixel readout time of lps, the RMS 1/f noise voltage is about 63,uV due to follower transistor, and below lpV due to access transistor. They are twice as large as the values obtained using frequency domain method. Also plotted in the figure are the noise voltages due to thermal noise. Note that RMS 1/f noise voltage is higher than thermal noise voltage for the follower transistor, but much lower than thermal noise voltage for the access transistor.
-
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1/F NOISE DUE TO THE RESET TRANSISTOR
Our previous work9 presented detailed analysis of reset noise due to thermal and shot noise sources. We showed that the reset transistor Ml spends most of the reset time in subthreshold and does not reach steady state in typical APS operation. Thus in analyzing the effect of 1/f noise due to the reset transistor we need to consider not only the nonstationarity of the noise but also the time variability of the circuit.
The Bitline voltage due to the reset transistor 1/f noise at the end of reset is given by9 VM1(tr) af )drdS (12) where t is the reset time, 'Mi (t) is the reset transistor Ml 1/f noise current, gmi (T) j5 the transconductance of Ml, and a is the amplifying factor of the source follower which is equal to 0.9 in our example circuit. The Bitline mean square reset noise voltage is thus given by Vi(tr) (Accp)2 fot gl(si)gmi(s2)C(si, 1s2 siI)e gi(ri)dri-f:; 91(T2)dT2dd (13) Using the MOS transistor subthreshold I-V characteristics, we get that mi (r) , where 6 is the thermal time9 and is 6ns for our example circuit. Thus tr + S.
Substituting this and equation 1 and 4 into equation 13, we get that Vi(tr) a2()2 (tr 5)2 Lt JAH C(si, S2 s1)g(A)dAdsids2. (14) Note that this result is virtually independent of the photodiode capacitance. This of course is very different from the famous reset noise due to thermal and shot noise sources. To compare our results with the commonly used frequency domain method, note that the Bitline mean square noise voltage using the frequency domain method is given by
To evaluate this equation we need to decide on the value of mi to use. In part a of Figure 5 we plot the results of the frequency domain analysis for two values of mi , one at the beginning and the other at the end of the reset time. Note the enormous difference between the curves for the two gmi values. This presents a serious problem with using the frequency domain method. Depending on which mi value is used, the results can vary from 3.2iV to 68tV at tr 1Os ! Also plotted in that figure is the results calculated using equation 14. Note that the shape of the time domain curve is very similar to that of the frequency domain curve assuming the gmi value at the end of reset. However, the difference between the two curves is very substantial (over lix).
To isolate the effect of using the stationary versus the nonstationary noise models, in part b of Figure 5 we plot the curves using the stationary noise model and our nonstationary version, applying the same time varying circuit model for both. In calculating the noise assuming the stationary model we simply replace the CA(sl, 82 -sit) in equation 14 by the stationary autocovariance CA((s2 -si[). As can be seen from the two curves, the RMS noise voltage using the stationary model is much higher, e.g., 222tV versus 37.2iiV
at tr = iOjts. The often cited KTC noise due to reset transistor shot noise is plotted and is around 276V. Note that the RMS 1/f noise voltage predicted by the stationary model is comparable to this KTC noise, whereas experiments9 suggested that KTC noise dominates reset noise. This demonstrates the validity and the importance of using our nonstationary 1/f noise model to calculate 1/f noise power of dynamic circuits. 
CONCLUSION
We described a new method for the analysis of 1/f noise in MOS circuits based on a nonstationary extension of the physical model of 1/f noise in MOS transistors and time domain analysis. We used the new method to provide accurate estimates of the effect of 1/f noise due to the pixel level transistors in a CMOS APS. We found that the commonly used frequency domain analysis method can produce very inaccurate estimates for the RMS 1/f noise voltage. The 1/f noise model discussed also reveals an important fact about the effect of correlated double sampling (CDS) on 1/f noise in image sensors. CDS, which is performed by taking two samples, one with and one without the signal, is often used to suppress noise in analog circuits.14 In a circuit operated in the small signal regime, e.g., an op-amp, the traps responsible for generating the 1/f noise in the two samples are the same. As a result, the 1/f noise components of the two samples are highly correlated, and 1/f noise can be suppressed. When performing CDS in an image sensor, the 1/f noise components of the two samples can be highly uncorrelated, since the circuit is not necessarily operated in small signal regime. The traps responsible for the 1 /f noise generated during normal readout and during reset readout can be at different energy levels, resulting in uncorrelated noise processes. Consequently, CDS does not necessarily suppress 1/f noise, and may indeed increase it. 
